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Abstract 

We propose a simple five-dimensional extension of the Standard Model 
(SM) without any Higgs potential nor any extra fields. A Higgs dou- 
blet lives in the bulk of a flat line segment and its boundary condition 
is Dirichlet at the ends of the line, which causes the electroweak sym- 
metry breaking without Higgs potential. The vacuum expectation value 
of the Higgs is induced from the Dirichlet boundary condition which is 
generally allowed in higher dimensional theories. The lightest physical 
Higgs has non-flat profile in the extra dimension even though the vac- 
uum expectation value is flat. As a consequence, we predict a max- 
imal top Yukawa deviation (no coupling between top and Higgs) for 
the Brane-Localized Fermion and a small deviation, a multiplication of 
2\^2/n ~ 0.9 to the Yukawa coupling, for the Bulk Fermion. The lat- 
ter is consistent with the electroweak precision data within 90% CL for 
430 GeV < m KK < 500 GeV. 
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1 Introduction 

The Standard Model (SM), with appropriate extension to take into account the observed 
neutrino masses, has passed all the experimental tests up to now. In the model, all the 
masses for fermions and gauge bosons are solely from the Higgs mechanism. Currently, 
the Higgs sector is the only missing part of the model, which is waiting to be tested at the 
CERN Large Hadron Collider (LHC). 

The five dimensional Universal Extra Dimension (UED) model puts all the SM fields in 
the bulk of a compactified extra dimension S* 1 /-^, or equivalently of a line segment (TJ [2]. 
The electroweak symmetry breaking is caused by a bulk potential for the Higgs field. The 
LHC experiment might prove existence of the extra dimension if first few peaks of the 
Kaluza-Klein (KK) modes are discovered. 

Another interesting phenomenological consequence from extra-dimensional theories is 
a top Yukawa deviation, which is a deviation of the Yukawa coupling between top and 
physical Higgs fields from the naive SM expectation. Such a deviation generically occurs 
in a 4-dimensional model too if there are multi-Higgs fields. Recently, it has pointed out 
that the deviation can be induced from effects of the brane localized Higgs potentials in 
the context of extra-dimensional theory [31 H] even when there is only one Higgs doublet 

In this Letter, we point out that an extra dimensional model can predict a maximal top 
Yukawa deviation and the physical Higgs field can be as heavy as TeV without contradicting 
the electroweak precision measurements. We define the model compactified on a flat line 
segment with the Dirichlet boundary conditions (BCs) for a bulk Higgs field at the branes. 
In this model, the vacuum expectation value of the Higgs is induced from the Dirichlet 
BC which is generally allowed in higher dimensional theories. It is also shown that the 
resultant mass spectrum and interactions of the Higgs field are quite similar to the SM 
when we concentrate on the lowest modes in the KK expansions. 

2 Setup and model 

We consider a simple five-dimensional (5D) SM, compactified on a flat line segment, without 
adding any extra fields. 

Let the SM gauge bosons and the Higgs doublet exist in the 5D flat space-time. The 
bulk-scalar kinetic action is given by 



where we write 5D coordinates as x M = (x^, z) with \i — 0, . . . , 3 and the extra dimension 
^ee Ref.[5] for the top Yukawa deviation in a warped gaugc-Higgs unification model. 
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is compactified on a line segment — L/2 < z < L/2. The five dimensional gauge covariant 

derivative is given as D M = d M + igT a Wl t + ig'YB M with T a = a a /2 and Y — 1/2 on 

the Higgs doublet field. Our metric convention is ( — h + + +). We also impose the KK 

parity, the reflection symmetry z — > — z on the boundary conditions so that they are equal 

to each other at both boundaries, as in the UED model. 

The variation of the action is given by 

r r+L/2 
5S = d A x / dz 

J J-L/2 

where V = U+d 2 z . The vacuum expectation value (vev) of the scalar field, $ c , is determined 
by the action principle, 5S = 0, that is "P$ c = 0. The vev profile is fixed by the BCs. We 
have normally four choices of combination of Dirichlet and Neumann BCs at z = ±L/2, 
namely 

(D,D), (D,N), (N, D), and (N,N), (3) 

where the D and N means the Dirichlet and Neumann BCs, respectively. Difference choice 
of BC corresponds to different choice of theory. The theory is fixed once one chooses one 
of four conditions. 

In this letter, we propose to take Dirichlet BCs for the Higgs field. The most general 
form of the Dirichlet BC is S^\ Z=±L , 2 — and &\ z= ±l/2 = ( v i, v 2) where v\ and V2 are 
free complex constants. Without loss of generality, we can always take a basis by an 
SU{2) L x U{1)y field redefinition so that the boundary condition becomes 

6$(x, z)\ z=±L/2 = 0, $(x, z)\ z=±L/2 = , (4) 

where v is a real constant of mass dimension [3/2]. The BC (jl]) fixes the vev to be the fixed 
value (0,v), while requiring the quantum fluctuation to be vanishing at the boundaries. 
The general solution of the equation of motion (EOM) takes the form $ c (z) ~ A + Bz. 
The constants A and B are fixed by the BC ((4j) and the resultant vev profile becomes flat 
in the extra dimension 

n?) = (°) ■ (5) 



It is remarkable that the vev of Higgs field and flat profile in the extra-dimensional direction 
can be realized by taking the most general Dirichlet BC at the branes without contradiction 
to the action principle. The gauge symmetry is violated by this extra-dimensional BC and 
the gauge boson masses can be obtained. The constant vev makes profiles of the SM W 
and Z bosons to be flat too [3],^| How about the profiles of quantum fluctuation modes of 
the Higgs field and the would-be Nambu-Goldstone (NG) bosons? 



2 Note that the resultant Z and W masses could be correct ones due to the custodial symmetry even 
under the presence of bulk Higgs mass. For simplicity, the bulk potential is assumed to be zero throughout 
this letter. 
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The Higgs doublet field $ is KK-expanded as 

around the vev Focusing on H, the KK equation is given by d 2 f^(z) = —fifjnfn \ z )i 
which has a solution fn( z ) — c^ n cos(fj,Hnz) + (3 n sm(fj, Hn z) . The Dirichlet BC 5$ = reads, 
for the quantum fluctuation, 

f?(z)\ z=±L/2 = 0, (7) 
so that the 5D profile of the quantum mode becomes 



/*(*) 



| cos ( g±^g ^ ) for even n, 



■| sin ^ ( n + 1 ) 7r ,z ) 

This means that a flat zero-mode profile in the Neumann BC case is deformed to the cosine 



function of f${z) = \Z^jL cos(itz/L) through the Dirichlet BC. The n-mode Higgs mass 
is calculated as 

mU = ~ £J dzf»(z)dlf»(z) = (^^) 2 , (9) 

which shows the lowest (n = 0) mode has a KK mass jbkk = tt/L. Note that n = — 1 
mode is vanishing. This feature of KK scale Higgs mass is the specific result induced from 
the Dirichlet BC of Eq.(j4]). The mass is determined by only the compactification scale of 
extra-dimension unlike the SIvlJ^I Profiles of x^ an d are the same as Note that 

this profile can be also realized by introducing an extra fake Higgs field at the boundaries, 
with the interaction with Higgs doublet as |0| 2 |$| 2 , and taking a limit of \{<f>)\ — > oo. This 
is the similar construction to the higgsless models. 

The tree-level Higgs couplings, HHH, HxXi H(p + tp~, HHHH, HHxXi HH(p + ip~, 
XXXXi XX^P +i P~ '■> an d tp + <p~(p + tp~ vanish, since there is no Higgs potential. It means that 
longitudinal components of gauge bosons Wl and Zl, only have the gauge interactions. 

We take Neumann BC, 

d z A^z)\ z=±L/2 = and A z (z)\ z=±L/2 = 0, (10) 

for the bulk gauge bosons. Then the profile of the zero-mode gauge bosons are flat and its 
KK masses are equal to the SM values m| = (g 2 + g' 2 )v 2 /2 and m 2 ^ = g 2 v 2 /2, respectively. 
The mass of the nth KK mode is given by 

2 2 Tl 2 7T 2 

m z("),w(") = m z.yv + ^2 ■ 



3 We do not have a theoretical constraint on the magnitude of the Higgs mass from the discussions of 
perturbative unitarity as in the SM since the mass depends on the compactification scale but not on the 
Higgs self-coupling. 
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Equations (Q and (iTTj) show that bulk fields have the same magnitude of KK mass (at 
the tree level). We find that the mass of n-mode Higgs is same as the KK mass of gauge 
bosons with the KK number n + 1 and the frequency of profile for the n-mode Higgs is 
also same as that of n + 1-mode KK gauge bosons which are just results of the Dirichlet 
BC of the Higgs doublet. 

Now we focus on the Higgs mechanism of the zero-mode gauge bosons. How is it 
possible to occur although the five dimensional fields ip , % have no flat KK-mode while 
the lowest mode of the W ± ,Z are flat? The Higgs vev itself has a flat profile, and a 
linear combination of infinite KK modes of ^ and \ must have the flat profile, to be 
absorbed into W^ ^ and Z^°\ respectively, as the would-be NG bosons. This means that 
the longitudinal component, W^ 1 ^ (Z^), is composed by a linear combination of (p^^ 
(x^)- We speculate that, for example, Z^} absorbs the following field having flat profile 
along the fifth direction except at the boundary, 



which can be realized by the superposition of the infinite numbers of n-modes of x^ 
whose orthogonal linear combination is the physical neutral pseudo-scalar. It is given bjt 



where n = 2m. In the same way, a linear combination of cp^ is absorbed into H^ ^, 
and its orthogonal linear combination becomes physical charged scalar particle. Thus, the 
infinite numbers of n-mode are required for the suitable Higgs mechanism. 

One possible question is: "How should we treat the 5D cutoff energy scale?" There exist 
heavier KK modes than the cutoff scale, and the completely flat profile of the would-be NG 
boson cannot be obtained without such heavier KK modes. However, a model with a cutoff 
A is expected to have an ambiguity of length scale of 0(A~ X ) in general. We would need 
an experimental resolution finer than 0(A~ l ) to distinguish this ambiguity (for example, 
as the deviation from flat profile in above case), and the ambiguity is negligible in the low 
energy effective theory. 

Let us comment on the KK parity. It is known that the universal extra-dimensional 
(UED) model has a KK parity conservation. In our setup, the Dirichlet BC is imposed 
for the Higgs field to take the same value on both z = ±L/2 branes, so that there arises 
a reflection symmetry. This guarantees the conservation of the KK parity in the gauge 
and Higgs sector. The existence of the KK parity in the Lagrangian depends on a fermion 
sector. When the fermions are localized on the 4D branes (brane- localized fermion (BLF) 

4 See Ref. [5] for a detailed derivation. 




(12) 




(13) 
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scenario), the KK parity is broken in general. On the other hand, the KK parity is 
conserved in a bulk fermion (BF) setup. When KK parity exists, the lightest KK particle 
with odd parity is stable, which can be a candidate for a dark matter. 



3 Top Yukawa Deviation 



Now let us estimate the top Yukawa deviation. This is a result from the non-flat profile 
of the physical Higgs field in the extra-dimension. We estimate the BLF scenario at first. 
The Yukawa interaction for the top quark and the Higgs boson is written as 



L/2 



dzS(z - -)y t , 5 



v + f H (z) 



Utfi 



v + f {L/2) 



H{x) 
~V2 



t(x)t(x). 



H(x) 



t(x)t(x) 



(14) 



The top quark mass m t and effective top coupling in 4D y t can be obtained as m t = yt,?>v 
and y t = ^= = where we take v = vew/VL. On the other hand, the coupling between 
the top quark and Higgs boson in 4D is given by 



Vim = Vtfo 



L 



yt 



2 /7T 
COS , 

L V2 



0. 



(15) 



This is the maximal top Yukawa deviation, which can be hardly realized in other setups 
{see for example, Ref. [5]). This maximal top Yukawa deviation is the result of non-flat 
Higgs profile due to the Dirichlet BC. 

Next, in the case of the BF, the Yukawa coupling between the top quark and the Higgs 
boson is written by 

~ L ' 2 r M fH , ,h(x) 



-Ct 



yt,5 i dz 

-L/2 



V2 



t(x, z)t(x, z) 



(16) 



Then the ratio of the top Yukawa coupling in our model to that of the SM, rmu is given 
by 



1 fL/2 r> pj 

r mt = -= \ dztf(z) = ^- ~ 0.90. 

VL J -L/2 



7i 



(17) 



Therefore, the top deviation in the BF setup is 10% decrease from the SM. 



4 Higgs production and decay 

Let us consider the Higgs production and decay at LHC experiment. First, we show the 
Higgs production processes. (We can analyze higher KK Higgs production in the same 
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way.) The SM predicts that the gluon fusion with the top quark 1-loop diagram (WW 
fusion) dominates when van = ^h(°)( = m KK) < 1 TeV (m# > 1 TeV). Since the Higgs 
has the same mass scale as the KK gauge bosons (and also KK fermions in the BF) in 
our setup, the Higgs mass must be large enough to be consistent with experiments. As 
shown in the next section, the KK scale must be larger than a few TeV (600 GeV [7]) in 
BLF (BF) scenario. Anyhow, since the Yukawa couplings of Higgs with the top quark are 
modified, the processes for the Higgs production must be reanalyzed. 

In the BLF scenario, the gluon fusion process is strongly suppressed, since the Higgs 
is not coupled with the top quark at the tree level. On the other hand, the WW fusion 
process still exists, but the magnitude decreases because the coupling between W and 
Higgs is modified as 

em w 1 f +L/2 



Cwwh = T^r^r I dzf H (z)f^ + f^-H(x)W + (x)W-(x)+h.c. 
2smV w ZL J_ L /2 



where 9w is the Weinberg angle. The ratio of the WWH coupling in our 5D model to the 
SM, r WWH , is estimated as 



1 



+L/2 

dzf H (z). (19) 

L/2 



Note that this ratio is the same as thu in Eq. ( I17p . To conclude, the Higgs production 
mainly occurs through the WW fusion in the BLF scenario, which is decreased about 20% 
compared to the SM due to the suppression by the factor r 2 VWH {= r 2 m ^) ~ 0.81. 

Next let us consider the BF scenario. Around m# = 600 ~ 800 GeV in the SM (i/i = 14 
TeV), the gluon fusion cross section is about 10 times larger than the WW fusion. So how 
is in BF scenario where the coupling between the top quarks and Higgs boson is decreased 
by 10% from the top Yukawa coupling? It means that the gluon fusion process still exists, 
but the cross section (magnitude) decreases 80% (90%) due to r 2 mt ~ 0.81 (r H u — 0.9) 
compared to the SM. The WW fusion process is the same as the BLF scenario. Other 
production processes such as qq —> HW, qq — > HZ, and gg, qq — > Htt are also suppressed. 
Therefore, comparing to the SM, the cross section for the Higgs production in the BF 
scenario decreases 81% overall, while the branching ratios are not changed. 

Finally let us show the Higgs decay. In the SM, the process H — > W + W~ dominates 
when m H > 130 GeV. In our setup, the decay width is estimated quite similarly as in the 
SM: 

IW+u- * {^^wwh- (20) 

In the next section, we will see that the Higgs mass must be larger than 6.8 TeV (BLF 
scenario) and 430 GeV < m# < 500 GeV (BF scenario). 
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Notice that in our setup m# = ttikk ^ n^w, an d the Higgs decay process would become 
equivalent to the process H — > v^ngV'ng ( w here v?ng ^ s the NG mode absorbed by the lowest 
mode of W^), if the NG boson equivalence theorem is applicable in the mass spectrum. 
Since there is no Higgs potential in our model at all, H cannot couple to (p + (p~, which 
means that H would decay into W + W~ only through the transverse mode of W , that 
would lead to a suppressed decay width Vh->ww — ^ m Hr 2 V wH- But is it true? These 
would-be NG bosons y?^ G are absorbed in to W ± , and their wave function profiles are 
given by Eq. (ll2|) . It is the linear combination of all the higher KK modes, which means 
a lot of heavier KK modes (than the Higgs mass) are included. Obviously, the higher KK 
mode components (n > 2) in <^ng (with the profile of Eq.( fl2l and being absorbed into 
W^) are heavier than the Higgs mass, thus, the physical decay process has been estimated 
as Eq.pj}. 

5 Electroweak Precision Measurements 

Finally, let us estimate constraints from electroweak (EW) precision measurements on this 
setup. As for the BLF scenario, the present experimental data requires that the KK scale, 
that is equal to Higgs mass in our setup, must be larger than a 6.8 TeV at the 95% 
confidence level [8]. To fit S and T parameters [9] in such a super-heavy Higgs scenario, 
some extensions of the model, such as matter content, might be required. 

In the BF case, we estimate S and T parameters defined as aS = 4e 2 [n^ w/ (0)-n^ w/ (0)] 
and aT = p^r[n^ w (0) - IEjf^O)], where s = sm6 w and c = cos9 w . U XY {q 2 ) is the 
vacuum polarization and W XY (q 2 ) means dUxy/dq 2 at q 2 = 0. The riu and n 33 are 
represented by riu = ^n^vK and n 33 = ^[c 2 Tlzz + 2scIIza + s 2 Uaa], respectively. In our 
setup, S and T parameters are approximately estimated as [21 EED] 

T ~ 3 log ( mH \ \ Y 3m * 1 / KK - top ( ™* ) (22) 
8nc 2 \m H , re iJ ^167r 2 ^ w a T \n 2 m 2 KK )' 

where ^ew = 174 GeV, m H = m KK % m Hrc{ is the reference Higgs mass taken as m^ ref = 

5 Hcrc wc approximate the absence of the SM Higgs by making its mass to be KK scale mu — > m H (o) = 
rriKK = t/L, as the first KK Higgs has coupling to the SM zero-modes very close to the SM value, 
universally multiplied by 2^/2/tt ~ 0.9. Higher KK modes (n > 1) are neglected as we will discuss in 
footnote [6l 
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117 GeV, and 



= I ^-^log(l + ,), 



(23) 



(24) 



The first terms in both S and T parameters correspond to the absence of the SM Higgs 
contributions (as explained in footnote^]), and the second terms are the KK top ones. Since 
a contribution to S and T parameter from the KK Higgs modes are small at ttikk ^$ 500 
GeV@ we drop the corresponding terms. We have not truncated the KK sum but performed 
it for infinite modes. Generically this is known to be a good strategy that does not spoil 
the five dimensional gauge symmetry at short distances. Notice that contributions from 
KK top loops, which are dominant contributions, are positive. The (S, T) plot in this setup 
is presented in FigJTJ We plot the parameters in a region of 300 GeV < m# < 1 TeV, and 
take the reference Higgs mass as 117 GeV. We find that the first KK scale m H = rc/L is 
constrained to be 



within 90% CL. This numerical analysis is given with the KK sum until 11th KK states, 
which is enough to evaluate the parameters, because contributions from higher KK modes 
to the parameters become negligibly tiny. 

6 Summary and discussions 

We have proposed the 5D SM with the Higgs doublet and gauge bosons living in the bulk 
of the line segment. We take a Dirichlet (Neumann) boundary condition for the Higgs 
(gauge) field. The vacuum expectation value of the Higgs is induced from the Dirichlet 
BC, which is generally allowed in higher dimensional theories, and the BC causes the 
electroweak symmetry breaking in this model. Under the simple BC, we have naturally 
obtained the non-flat profile of the lightest Higgs H . The mass of the physical Higgs boson 
is induced from the bulk quadratic terms and depends only on the compactification scale 
of the extra-dimension. We note that there is no Higgs self-coupling unlike the SM. In the 
BLF case, the maximal top deviation is realized, that is, top quark does not interact with 
physical Higgs boson. While in the BF case, 10% deviation is predictive. We have shown 
that the Higgs decay width as large as its mass. The BF setup is consistent with S and T 
parameters. This model does not have unnatural large couplings nor any fine-tunings. 

6 In the UED model, contributions from the KK Higgs to S parameter becomes dominant at itikk ^ 600 
GeV. However, such region of KK scale is excluded by the electroweak precision measurement at 90% CL 
as shown in FigfT] 



430 GeV < m H < 500 GeV, 



(25) 
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Figure 1: S and T plot in this setup: Contours show la constraints (39.35 %) from various 
inputs except for the central one representing 90% CL allowed by all data [TT] . 

Finally, we comment on unitarity in our model. Here, the gauge symmetry is violated by 
the extra-dimensional BC. However, the five dimensional gauge symmetry will be restored 
as an energy scale becomes much higher than the KK scale. We note that in several models 
of orbifold/boundary symmetry breaking, it has been shown that the longitudinal gauge 
boson scattering etc. are indeed unitarized by taking into account Kaluza-Klein mode 
contributions [12], [131 EEl ESI EE3 EH]- Therefore, it would be expected that the bulk 
gauge boson scattering is unitarized in such a region of our model (above the KK scale but 
lower than the five- dimensional cut-off scale) by taking account all the relevant KK modes. 
It would be worth studying this issue further. 
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